EPOXIDE HYDROLASES OF ASPERGILLUS ORIGIN 



The present invention relates to proteins of fungal origin or proteins derived from 
the latter, possessing epoxide hydrolase activity, as well as their uses, notably for the 
preparation of enantiomerically pure (or enantiopure) molecules, such as epoxides 
and/or vicinal diols of high enantiomeric purity. 

The epoxides or the vicinal diols are important compounds in organic synthesis. If 
they have a chiral structure, they can be used either in the racemic form, or in the 
optically enriched or even enantiomerically pure form. In the first case they constitute 
base products for the chemical industry (polymerizable monomers or components of 
industrial products such as glycol, propyleneglycol etc.). In the second case they can be 
used as chiral synthons for the production of various optically pure products, for 
example biologically active molecules marketed by the pharmaceutical or plant- 
protection industry, or materials with specific optical properties (e.g. liquid crystals). 

This is why various strategies of chemical synthesis have been elaborated for 
carrying out their production. With regard to the production of diols, these strategies 
often involve the hydrolysis of an epoxide in a more or less concentrated acidic or basic 
inorganic medium, which in itself gives rise to additional costs due to reprocessing of 
the mother liquors and/or the salts formed in the course of the process. 

When these molecules have to be produced in an optically active form, several 
strategies have been described and developed (Schurig et al. 1992, Pedragosa-Moreau et 
al. 1995). For example, the Katzuki-Sharpless oxidation reaction makes it possible to 
convert an olefin into an optically enriched epoxide by means of a titanium-based chiral 
organometallic catalyst. However, this approach is limited to olefins bearing an alcohol 
group in the alpha position of the double bond, necessary for coordination of the 
catalyst. 

Other methods have been developed more recently, and they too are based for the 
most part on the use of organometallic catalysts very often involving heavy metals such 
as manganese or cobalt. However, although they are very effective on certain types of 
substrates, they only display average selectivities on other families of molecules. In all 
cases, they are difficult to use in industrial conditions, owing to the technical constraints 
imposed by the use of the heavy metals involved. 



Various techniques of biocatalysis have been described for overcoming this 
problem. They employ indirect strategies involving the use of enzymes such as lipases, 
peroxidases or monooxygenases (Archelas et al. 1997). However, most of these 
approaches require the development of expensive systems for the recycling of cofactors, 
once again making them particularly difficult and expensive to implement in preparative 
conditions. 

The use of an enzyme that makes it possible to effect direct hydrolysis of an 
epoxide therefore represents an interesting and original means of direct preparation of 
optically enriched epoxides or of achiral, racemic or optically enriched diols. These 
enzymes, called epoxide hydrolases, offer the advantage on the one hand of not 
requiring a co factor and, on the other hand, of making it possible to effect the addition 
of a water molecule to an epoxide in particularly mild conditions. If the substrate is 
chiral, and depending on the enantioselectivity and the regioselectivity of this addition 
process, the diol obtained will be racemic or enantiomerically enriched (Archelas et al. 
1998). 

Although numerous works have been devoted to this type of enzyme present in 
mammals, their use in organic synthesis cannot be envisaged owing to the difficulty of 
obtaining them in sufficient quantity. 

The possibility of using epoxide hydrolases of microbial origin (bacteria, yeasts, 
fungi) - which can be produced in large quantities by simple microbial fermentation - 
as a "tool" in organic synthesis would therefore constitute a considerable advance. 

Examples of preparation of optically active compounds by using microorganisms 
as biocatalysts have been described, but only relate to uncharacterized enzymatic 
activities detected in various microorganisms. Thus, in European patent application EP 
611 826 (Daicel Chemical Industries Co. Ltd.), the examples of microorganisms given, 
capable of producing an (S) optically active epoxide starting from a racemic epoxide, 
are in particular a strain of microorganism belonging to the genus Candida, 
Rhodosporidium, Rhodococcus and Nosardioides. The examples of microorganisms 
capable of producing an (R) optically active epoxide are, in particular, a strain of 
microorganism belonging to the genus Thichosporon, Geotrichum, Corynebacterium, 
Micrococcus^ and Brevibacterium. 

Styrene oxide is one of the test substrates finding widest application in studies 
conducted on mammalian epoxide hydrolases, and various derivatives substituted on the 
aromatic ring of this model substrate have also been investigated in this context 



(Dansette et al. 1978; Westkaemper et al. 1981). More recently, studies carried out with 
enzymatic activities of microbial origin have also used this model substrate, and the 
inventors themselves have shown that these molecules can be hydrolysed 
enantioselectively by a strain of the fungus Aspergillus niger, registered at the Natural 
History Museum (Paris) under No. LCP521 (Lab. de Cryptogamie, 12 rue Buffon, 
75005 Paris, France) (Pedragosa-Moreau et al. 1996). 

Nevertheless, experiments of enantioselective hydrolysis effected with the aid of 
fungi, such as the fungus Aspergillus niger, described up till now, make use of whole 
cells or of cellular extracts of the fungus, which creates a number of technical problems 
in application, does not give good yields, and does not allow the structure of the 
biological catalyst employed to be defined. 

The use of well identified and characterized epoxide hydrolases of fungal origin 
would make it possible to remedy these drawbacks, but so far it has not been possible to 
isolate and purify an epoxide hydrolase of fungal origin, suggesting the possibility that 
such an enzyme would not be sufficiently stable to be completely isolated from its 
natural environment. 

The present invention results from the demonstration, by the inventors, of the fact 
that it is possible to isolate and purify an epoxide hydrolase from fungi. Thus, the 
present invention follows from the identification (by purification, sequencing, cloning) 
of the enzyme responsible for the epoxide hydrolase activity of fungi, such as those of 
the Aspergillus species. 

One of the aims of the present invention is to supply novel enzymes with epoxide 
hydrolase activity of fungal origin. 

Another aim of the present invention is to supply the nucleotide sequences 
encoding these enzymes. 

A further aim of the invention is to supply host cells transformed by the 
aforementioned nucleotide sequences, in which the said enzymes are advantageously 
overexpressed. 

The invention also has the aim of supplying methods of obtaining the said 
enzymes, notably by extraction and purification from cells of fungi, or by culturing host 
cells as described above. 

Another aim of the present invention is to supply novel methods of biocatalysis 
using the aforementioned enzymes or host cells that are producers of the said enzymes 
described above, for the synthesis of various epoxides and/or diols, and these methods 



give higher yields than the methods using whole cells, or cellular extracts of fungi 
previously described. 

Accordingly, the invention aims more particularly to supply methods of 
hydrolysis of achiral or chiral epoxides offering the advantage that they can be carried 
out in particularly mild experimental conditions, i.e. without employing an organic or 
inorganic, acidic or basic reagent, notably in a buffered or unbuffered aqueous medium 
and/or in the presence of water-miscible or water-immiscible organic solvents. 
Depending on the intrinsic stereochemical properties of the starting epoxide, these 
methods result in the production of an achiral, racemic or optically enriched diol or - if 
the starting epoxide is chiral - in the production of one of its two enantiomers in 
optically enriched form, or even enantiomerically pure form. 

The invention relates to any protein of fungal origin having epoxide hydrolase 
activity, such as is obtained in essentially pure form by extraction from cells of fungi, or 
by culture of host cells transformed by a nucleotide sequence coding for the 
aforementioned fungal protein, or to any protein derived by substitution, suppression or 
addition of one or more amino acids of the aforementioned protein of fungal origin and 
possessing epoxide hydrolase activity. 

The aforementioned epoxide hydrolase activity can be measured using para- 
nitrostyrene oxide (pNSO) as substrate, and measuring the quantity of diol formed, 
notably according to the following method: 

Add 50 |xL of the preparation containing the enzyme to 410 \iL of 0.1 M sodium 
phosphate buffer pH 7.0 (buffer B) and pre-incubate the mixture at 35°C for 2 min. 
Then add 40 \xL of a 50 mM solution of racemic pNSO in DMF (final pNSO 
concentration: 4 mM). f 

After 10 min of incubation, stop the reaction by adding 1 mL of dichloromethane. 
Stir the mixture vigorously so as to extract both the substrate and the diol produced. The 
quantity of diol formed is determined after separation on a column of silica by HPLC 
(high-pressure liquid chromatography) (Waters Associates, USA) as described 
previously (Nellaiah et al. 1996). 

One unit of epoxide hydrolase represents the quantity of enzyme that catalyses the 
formation of one p,mol of diol per minute in the above conditions. After incubation with 
raw extracts, the quantity of diol formed increases linearly with time for at least 30 min, 



and the reaction rate is proportional to the concentration of the enzyme in the range of 
0.01 to 1.2 units (Nellaiah et al., 1996). 

The invention relates more particularly to any protein as described above, 
characterized in that it comprises: 

- the sequence SEQ ID NO : 2. 

- or any sequence derived from the sequence SEQ ID NO : 2, notably by 
substitution, suppression or addition of one or more amino acids, and possessing 
epoxide hydrolase activity, the said derived sequence preferably having a homology of 
at least 40%, and especially above approx. 80%, with the sequence SEQ ID NO : 2, 

- or any fragment of the sequence SEQ ID NO : 2, or a sequence derived from 
the latter as defined above, and possessing epoxide hydrolase activity, the said fragment 
preferably consisting of at least about 10 amino acids that are contiguous in the region 
delimited by the amino acids situated at positions 1 and 339 of the sequence 
SEQ ID NO : 2. 

The invention relates more particularly to any protein described above, 
characterized in that it corresponds to a fungal epoxide hydrolase in essentially pure 
form, such as is obtained by extraction and purification from cultures of cells of fungi of 
the Aspergillus species. 

Accordingly, the invention relates more particularly to - any aforementioned 
protein, characterized in that it corresponds to the fungal epoxide hydrolase in 
essentially pure form represented by SEQ ID NO : 2, such as is obtained by extraction 
and purification from cultures of cells of strains of Aspergillus niger or of Aspergillus 
turingensis. 

The invention also relates to any protein as described above, characterized in that 
it corresponds to a recombinant fungal epoxide hydrolase such as is obtained in 
essentially pure form by transformation of suitable host cells by means of vectors 
containing: 

- the nucleotide sequence SEQ ID NO : 1 encoding the epoxide hydrolase 
represented by SEQ ID NO : 2, or any sequence derived from SEQ ID NO : 1 by 
degeneration of the genetic code, and encoding the epoxide hydrolase represented by 
SEQ ID NO : 2, 

- or any sequence derived from the sequence SEQ ID NO : 1 , in particular by 
substitution, suppression or addition of one or more nucleotides, and coding for an 
enzyme possessing epoxide hydrolase activity, the said derived sequence preferably 



having a homology of at least about 45%, and especially above about 80%, with the 
sequence SEQ ID NO : 1, 

- or any fragment of the sequence SEQ ID NO : 1, or of a sequence derived from 
the latter as defined above, and coding for an enzyme possessing epoxide hydrolase 
activity, the said fragment preferably consisting of at least about 20 nucleotides that are 
contiguous in the region delimited by the nucleotides situated at positions 1 and 1 197 of 
the sequence SEQ ID NO : 1. 

Accordingly, the invention relates more particularly to the recombinant fungal 
epoxide hydrolase represented by SEQ ID NO : 2, such as is obtained by transformation 
of suitable host cells by means of vectors containing the nucleotide sequence 
SEQ ID NO : 1, or any sequence derived from SEQ ID NO : 1 by degeneration of the 
genetic code, and encoding the epoxide hydrolase represented by SEQ ID NO : 2. 

The invention also relates to any nucleotide sequence encoding a protein of fungal 
origin with epoxide hydrolase activity as defined above. 

The invention relates more particularly to any aforementioned nucleotide 
sequence, characterized in that it comprises: 

- the sequence represented by SEQ ID NO : 1 encoding the epoxide hydrolase 
represented by SEQ ID NO : 2, 

- or any sequence derived from the sequence SEQ ID NO : 1 by degeneration of 
the genetic code, and encoding the epoxide hydrolase represented by SEQ ID NO : 2, 

- or any sequence derived from the sequence SEQ ID NO : 1, especially by 
substitution, suppression or addition of one or more nucleotides, and encoding an 
enzyme possessing epoxide hydrolase activity, the said derived sequence preferably 
having a homology of at least about 45%, and especially above about 80%, with the 
sequence SEQ ID NO : 1, 

- or any fragment of the sequence SEQ ID NO : 1, or of a sequence derived from 
the latter as defined above, and encoding an enzyme possessing epoxide hydrolase 
activity, the said fragment preferably being constituted of at least about 20 nucleotides 
that are contiguous in the region delimited by the nucleotides situated at positions 1 and 
1 197 of the sequence SEQ ID NO : 1, 

- or any complementary nucleotide sequence of the aforementioned sequences 
or fragments, 
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- or any nucleotide sequence encoding an enzyme possessing epoxide hydrolase 
activity, and capable of hybridization with one of the aforementioned sequences or 
fragments, 

the aforementioned sequences or fragments being in the single-stranded or 



The invention also relates to any vector, especially plasmid, containing a 
nucleotide sequence as defined above. 

Advantageously, the nucleotide sequences of the invention in the aforementioned 
vectors, are put under the control of elements that regulate the expression of the proteins 
with epoxide hydrolase activity defined above, notably a promoter, inducible if 
necessary, and a transcription terminator. 

Preferably, the aforementioned promoter is selected from those that permit 
overexpression of the said proteins in the host cells transformed by means of the 
vectors, the said host cells themselves being selected from those that are able to 
overexpress the said proteins, especially among the bacteria, viruses, yeasts, fungi, 
plants or mammalian cells. 

The invention also relates to any host cell, selected in particular from bacteria, 
viruses, yeasts, fungi, plants or mammalian cells, the said host cell being transformed, 
notably by means of a vector as defined above, in such a way that its genome contains a 
nucleotide sequence as mentioned above encoding a protein with epoxide hydrolase 
activity. 

The invention also relates to the use of proteins with epoxide hydrolase activity as 
defined above, as enzymatic biocatalysts in the implementation of methods of 
preparation of epoxides or of enantiomerically pure vicinal diols, especially in the 
pharmaceutical and plant-protection field, or in the manufacture of specific optical 
materials. 

Accordingly, the invention relates more particularly to a method of preparation of 
epoxides and/or of enantiomerically pure diols respectively of the following formulae 
(II) and (III) 
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double-stranded form. 
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in which Ri, R2, R3 and R* represent any groups, and especially groups that are 
characteristic of pharmaceutical and plant-protection compounds, or of specific optical 
materials corresponding to the said epoxides or vicinal diols, 

the said method comprising a stage of treatment of a mixture of diastereoisomeric 
epoxides, or of a chiral epoxide in racemic form, or of a prochiral epoxide of the 
following formula (I): 



with a protein with epoxide hydrolase activity as defined above, or with host cells 
as mentioned above, expressing or overexpressing a protein with epoxide hydrolase 
activity as defined above, which leads to the production of: 

— a mixture of the aforementioned compounds of formulae (II) and (III), it being 
possible, if necessary, for the said compounds of formula (II) and (III) to be separated 
by an additional stage of purification, 

- or just the compound of the aforementioned formula (III). 

In the case of production of just the compound of the aforementioned formula 
(III), this can be effected by a treatment that accompanies or is subsequent to the 
treatment described above, notably with another chemical or enzymatic reagent 
depending on the starting epoxide, for example with sulphuric acid, especially in the 
case of para-nitrostyrene oxide (Pedragosa-Moreau et al., 1997), or with cells of the 
fungus Beauveria sulfur escens, especially in the case of styrene oxide (Pedragosa- 
Moreau et al., 1993). , 

Advantageously, when the method as described above according to the invention 
is carried out by means of a protein with epoxide hydrolase activity as defined above, 
the latter can be immobilized on a solid support such as DEAE cellulose or DEAE 
Sepharose, or any other support or technique that makes it possible to immobilize this 



The invention also relates more particularly to the use of a protein with epoxide 
hydrolase activity as defined above, in various forms, including transformed host cells 
as described above, or of whole cells of fungi, such as Aspergillus niger, producing this 
enzyme, or soluble or freeze-dried enzymatic extracts of the said cells, or the enzyme 
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enzyme. 
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immobilized on a solid support as defined above, in the implementation of a method as 
described above for hydrolysis of an achiral epoxide. 

The invention also relates to a method of preparation of protein with recombinant 
epoxide hydrolase activity as defined above, characterized in that it comprises a stage of 
transformation of host cells, preferably selected from bacteria, viruses, yeasts, fungi, 
plants or mammalian cells, with a vector as described above, and a stage of purification 
of the recombinant epoxide hydrolase produced by the said cells. 

The invention also relates to a method of preparation of a fungal epoxide 
hydrolase in essentially pure form, the said method comprising: 

- a stage of extraction of the enzyme from cell cultures of fungi, such as fungi of 
the Aspergillus species, notably by crushing the fungus using a French press or any 
other suitable means, followed by a stage of low-speed centrifugation (approx. 10 000 
g), recovery of the supernatant, and concentration by ultrafiltration. 

- a stage of purification of the enzyme from the extract obtained in the preceding 
stage, notably by successive passages through columns of DEAE-Sepharose, Phenyl- 
Sepharose, Mono Q and Superose 12. 

The invention will be further illustrated by the following description of the 
purification of the epoxide hydrolase from a strain of the fungus Aspergillus niger, as 
well as cloning of the gene encoding this epoxide hydrolase, and examples of 
application of a method according to the invention. 

A) Purification and characterization of an epoxide hydrolase from 
Aspergillus niger with high enantioselectivitv 

I) Equipment and Methods 

lVReagents 

The test substrate used is racemic p-nitrostyrene oxide (pNSO). It is synthesized 
from oo-bromo-4-nitro acetophenone according to a technique described by 
Westkaemper and Hanzlik, 1980. Its pure (R) and (S) enantiomers are obtained from 
this racemic substrate by a stage of biotransformation (Pedragosa-Moreau et al., 1996). 
Diethylaminoethyl (DEAE)-Sepharose, phenyl-Sepharose, the "Mono Q" and Superose 

18 

12 columns are obtained from Pharmacia LKB (Uppsala, Sweden). H2[ O] is obtained 

1 8 

from Isotec (Miamisburg, USA) and its [ O] content is 95%. All the protein 
chromatography is effected using the FPLC Pharmacia system at 4°C. 
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2) Organisms, conditions of growth and preparation of extracts 
The strain of the fungus Aspergillus niger used in this study is registered at the 
Natural History Museum (Paris) under No. LCP521 (Lab. de Cryptogamie, 12 rue 
Buffon, 75005 Paris, France). Culture is carried out in a fermenter with a capacity of 5 
L (liquid volume) in the conditions described by Nellaiah et al., 1996. The cells are 
harvested after 40 h of culture by filtration. They are suspended in 10 mM Tris-HCl 
buffer of pH 7.1 (buffer A) containing 1 mM cysteine, 1 mM EDTA and 0.3 mM 
phenylmethane sulphonyl chloride (PMSF). An acellular extract is prepared by crashing 
the fungus using a French press, or any other means that can be used by a person skilled 
in the art, and low-speed centrifugation (1000 g) in the conditions described by Nellaiah 
et al., 1996. This extract is concentrated at 100 mL by tangential-flow filtration using a 
membrane with a cutoff threshold of 10, 40 or up to 100 kDa. Any other manipulation is 
carried out at a temperature of 4°C in a buffer solution containing 1 mM cysteine, 1 mM 
EDTA and 0.3 mM PMSF to avoid inactivating the enzyme. The concentration of the 
protein is determined by the method of Lowry et aL, 1951, using bovine serum albumin 
as reference. 



3) Purification of the epoxide hydrolase 

The concentrated solution containing the enzyme is deposited on a column of 
DEAE (diethylaminoethyl)-Sepharose (2.5 cm x 30 cm) previously equilibrated with 
buffer A containing 0.13 M KC1. The column is washed with 360 mL of equilibrating 
buffer, and elution is carried out with a linear gradient of 0.13-0.23 M KC1 in buffer A 
(total volume: 510 mL, flow rate: 3 mL/min, volumes of the fractions: 6 mL). 

The activity is eluted for a potassium chloride concentration of 0.17-0.20 M. The 
active fractions are combined and concentrated to 5 mL by ultrafiltration. The 
concentrate is deposited on a column of phenyl-Sepharose (1 cm x 10 cm), previously 
equilibrated with buffer A containing (NH4)2S04 0.25 M and 21% (v/v) of 
ethyleneglycol. The column is washed with 10 mL of the same buffer, and elution is 
carried out with a linear gradient of ethyleneglycol of 21-56% (v/v) in buffer A 
containing (NH4) 2 S04 0.25 M (total volume: 95 mL, flow rate: 0.5 mL/min, volumes of 
the fractions: 1 mL). 

The activity is eluted with an ethyleneglycol concentration of 30-43% (v/v). The 
active fractions are combined and concentrated to 5 mL. The concentrate is deposited 
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on a Mono Q column (0.5 cm x 5 cm), previously equilibrated with Tris-HCl buffer 10 
mM, pH 6.5, containing 0.13 M KC1. The column is washed with 5 mL of buffer, and 
elution is carried out with a linear gradient of potassium chloride of 0.13-0.25 M (total 
volume 85 mL; flow rate 0.5 mL/min; volumes of the fractions: 1 mL). The activity is 
eluted to a concentration of 0.15-0.16 M of potassium chloride. The active fractions are 
combined and concentrated to 1 mL. The solution containing the enzyme (200 mL) is 
deposited on a column of Superose 12 (1 cm x 30 cm) and equilibrated with buffer A 
(flow rate 0.3 mL/min; volumes of the fractions: 0.6 mL). This stage is carried out 5 
times (200 |uL each time) and all the active fractions are combined. The preparation thus 
obtained is stored at 4°C. 

4) Enzymatic study 

18 

The incubations with H2[ O] are carried out in 1 mL flasks containing 180 jliL of 
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H2[ O] buffer B, 20 |aL of the purified epoxide hydrolase and 20 jaL of substrate (50 
mM in acetonitrile). After 1.5 h of incubation at 25°C with magnetic stirring (500 rpm) 
the substrate that remains and the product formed are extracted with 2 mL of 
dichloromethane. The diol is purified by analytical chromatography on silica (eluent: 
diethylether). 2 \xL of samples are analysed by gas chromatography/mass spectrometry 
(GC/MS). The diol that remains is converted to the corresponding acetonide by reaction 
with 2,2-dimethylpropane in the presence of p-toluene sulphonic acid. The acetonide is 
analysed by GC/MS as already described by Audier et al. 5 1968. 

Reaction in a total volume of 5 mL is carried out at 25°C, with a substrate with a 
concentration of 4.3 mM with DMSO (20 vol.%) as co-solvent in a 0.1 M sodium 
phosphate buffer pH 8.0. 

The reaction is started by adding 13 U/L of the purified enzyme. Samples are 
taken every 30 minutes for quantification of the concentrations of the substrate and of 
product by HPLC using a reversed-phase column (Nellaiah et al., 1996) and for 
quantification of the enantiomeric excess of the epoxide and of the diol by gas-phase 
chromatography (Nellaiah et al., 1996). 

5) Polvacrvlamide gel electrophoresis 

SDS-PAGE electrophoresis is carried out on a plate with thickness of 1 mm 
containing a resolving gel (10% of acrylamide) and a concentrating gel (4% of 
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acrylamide) at pH 8.8 in the presence of 0.1% of sodium dodecyl sulphate (SDS) 
(Laemmli, 1970). The samples are dissolved in a Tris-HCl buffer (62.5 mM, pH 8.8) 
containing 1% (w/v) of SDS, 10% (v/v) of glycerol and 2% (v/v) of P-mercaptoethanol, 
and are heated at 100°C for 2 minutes. The proteins are stained with 0.1% (w/v) of 
Coomassie blue. Migrations on non-denaturing PAGE gels were effected in the same 
way except that no p-mercaptoethanol was added to the resolving buffer, and that the 
samples were not heated. Electrofocusing was carried out with a pH gradient of 3-9 by 
means of the Pharmacia LKB "Phastsystem" system and standard Pharmacia 
procedures. The proteins were stained with silver nitrate. 

6) Determination of molecular weight 

The molecular weight was estimated after SDS-PAGE by comparing the mobility 
(Rf) of the purified epoxide hydrolase (EH) with that of the following reference 
proteins: phosphorylase B (97.4 kDa), bovine serum albumin (66.2 kDa), ovalbumin (45 
kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa) and lysozyme (14.4 
kDa). The molecular weight of the native enzyme was estimated from the elution profile 
of Superose 12 by comparing the Kav of the purified EH with that of the following 
standard proteins: alcohol dehydrogenase (150 kDa), bovine serum albumin (67 kDa), 
ovalbumin (43 kDa), chymotrypsinogen A (25 kDa) and ribonuclease A (13.7 kDa). 
The exclusion volume and the dead volume were determined using dextran blue and 
vitamin B12. 

7) Amino acid sequence 

For the amino acid analyses and the N-terminal sequence determinations, the 
peptides were transferred from the SDS gels onto a "glassy-bond" membrane (Biometra, 
Germany) using standard Biorad procedures (Hercules, USA). The amino acid 
composition of the enzyme was determined after acid hydrolysis (6 N HC1 at 100°C 
under vacuum for 24 h) using an automatic amino acid analyser (Beckman 6300 system, 
Germany). The molecular weight was estimated from the amino acid composition using 
Delaage's method (1968). 

8) Peptide sequences 

The proteins were dissolved in an SDS buffer and separated by SDS-PAGE. Part 
of the gel was stained with Coomassie Blue, and the strip of interest was separated from 
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the rest of the gel. The strip was washed for 1 h with H2O, H2O-CH3OH (90:10), H2O- 
CH3CN (80:20), and H2O-CH3CN (50:50). The strip of gel was then cut into small 
pieces and dried under vacuum in a Speed-Vac (Savant). Next, 400 jaL of a solution 
containing 25 mM Tris-HCl (pH 8.5), 1 mM EDTA, 0.05% SDS, and 5 |ng of the 
protease Lys-c (Boehringer Mannheim) was added, and the mixture was incubated 
overnight at 37°C. The hydrolysate was injected into a reversed-phase HPLC column 
(Vydac Cis; 2.1 x 250 mm). The column was eluted at a flow rate of 0.2 mL/min with a 
linear gradient of 0 to 35% of solution B (CH3CN, containing 0.07% of trifluoroacetic 
acid) for 150 min (solution A consists of water and 0.07% of trifluoroacetic acid) and 
the peaks were collected and sequenced directly with an Applied Biosystems model 
477A microsequencer. 

9) PCR reaction, cloning and sequencing 

The PCR reactions were carried out using degenerated oligomers obtained from 
partial amino acid sequences as primer and using the genomic DNA of Aspergillus 
niger as support. The genomic DNA was extracted from 1.5 g of mycelium washed with 
water, ground in liquid nitrogen and suspended in buffer Tris-HCl 50 mM pH 7.5, 
EDTA 50 mM, SDS 3%, P-mercaptoethanol 1%. After reaction for 1 h at 65°C, the 
solution was extracted with a phenol/chloroform/isoamyl alcohol mixture (24/24/1, 
v/v/v) and chloroform/isoamyl alcohol mixture (24/1), precipitated with isopropanol, 
and the sediment was dissolved in TE buffer (Tris-HCl 10 mM pH 7.5 and EDTA 1 
mM). RNase was added (30 (ig/mL) in the course of 1 h at 37°C, the DNA was 
precipitated with isopropanol, washed in 70% ethanol and dissolved in water. The PCR 
reactions were carried out in a total volume of 50 |uL, using 100 ng of DNA, dNTP 200 
^iM, each primer at 2 jj,M and 2 units of Taq polymerase (Perkin Elmer). The PCR 
reactions were effected by heating at 95°C for 5 min, then carried out for 30 cycles of 
amplification at three temperatures (1 min at 95°C, 1 min at 58°C, and 1 min at 72°C). 
The amplified fragments were cloned at the ECOR V site of pBluescript II SK(-) 
(Statagene) after treatment with one unit/|nL of terminal transferase (Boehringer). The 
fragments were sequenced using a Pharmacia T7 sequencing kit. 
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II) Results 

The EH from Aspergillus niger was purified to electrophoretic homogeneity using 
a 4-stage chromatographic procedure. In total, 120 \ig of the purified enzyme was 
prepared starting from 24 g of dry mycelium, i.e. from 5 L of culture medium. These 
relatively low values are due to 2 reasons: 

1) the overall (total) yield is low (4%) on account of the instability of the enzyme 
during the purification procedure mainly in the stages of concentration by ultrafiltration 
when the concentration of the protein is low; 

2) the initial content of EH in the cellular extract of Aspergillus niger is low: a 
value of 0.4% of the soluble proteins is calculated using the specific activity of the 
purified enzyme. However, the purified enzyme is responsible for all of the activity of 
the fungus on pNSO. Thus, there is probably only one active protein on this substrate in 
Aspergillus niger. 

The purified epoxide hydrolase (EH) has a single band in native PAGE or SDS 
gel after staining with Coomassie Blue. Determinations of the activity of slices of gel 
obtained after electrophoresis of a non-denaturing polyacrylamide gel reveal a single 
band located at the same level as the band of the labelled protein. The isoelectric point 
of the protein is 4.5 after determination by electrofocusing using a pH gradient from 3 
to 9 and silver nitrate staining. 

The EH of Aspergillus niger is a tetramer made up of four identical subunits of 45 
kDa. The EHs from other sources are generally monomeric or dimeric proteins. 
However, the epoxide hydrolase of Corynebacterium sp. has recently been described as 
being dodecameric (Misawa et al., 1998). 

The effect on the activity of several selective reagents was tested. EDTA and 
PMSF show no effect. Oxidizing agents such as meta-chloroperberizoic acid or 
hydrogen peroxide strongly inhibit the activity of the enzyme. On the other hand, 
reducing agents such as p-mercaptoethanol or cysteine show a positive effect on the 
enzyme's activity. Moreover, strong inactivation is observed with thiol blocking agents 
such as HgCte, 4-hydroxy-mercuribenzoate, iodoacetamide or dithionitrobenzene 
(DTNB). All these results demonstrate the essential role of one or more cysteine 
residue(s) on the activity of epoxide hydrolase. A similar effect is observed with the 
soluble EHs (sEH) from mammals (Wixtrom et al., 1985) and with the EH from 
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Pseudomonas sp. (Rink et aL, 1997), whereas the microsomal EHs (mEH) from 
mammals (Wixtrom et al., 1985) are not sensitive to thiol reagents. 

The pH activity profile and the inhibition by co-bromo-4-nitro acetophenone 
suggest the participation of a histidine residue in the catalytic mechanism. Moreover, 
certain cysteine residues are important for the activity of the enzyme as demonstrated 
for mammalian sEH but not for mEH (Wixtrom et al., 1985). The catalytic mechanism 
of mammalian sEH and mEH for the hydrolysis of epoxides has recently been 
elucidated (Beetham et al., 1995; Arand et al., 1996). A two-stage mechanism involving 
the formation of an intermediate covalent ester has been demonstrated with the 
participation of two aspartic acids and one histidine residue. However, little is known 
about the catalytic mechanism of microbial EHs. Recently, a similar mechanism was 
demonstrated for the epoxide hydrolase of the bacterium Agrobacterium radiobacter 
(Rink et al., 1997). These elements suggest that the EH of Aspergillus niger uses a 
similar mechanism for the hydration of epoxides as the mammalian EHs. This 
mechanism accords with the general process of catalysis demonstrated for the 
hydrolysis of /?ara-substituted styrene oxide by a raw extract from Aspergillus niger 
(Pedragosa-Moreau et aL, 1996). 

With pNSO, addition of an organic solvent is required for dissolving the substrate. 
In fact, in the absence of co-solvent, no activity can be detected. It was shown for other 
soluble EHs that they were not active on micellar substrates (Hammock et al., 1997). 
Thus, the effect of different co-solvents on the activity of epoxide hydrolase from 
Aspergillus niger was investigated. The nature of the co-solvents has a considerable 
influence on the yield in opening of the epoxide, the strongest activities being obtained 
for DMF and acetone. The low activity obtained with THF could be correlated with 
inactivation of the enzyme by traces of peroxides that are usually present in the solvent. 

The enzyme is active at a pH ranging from 5 to 9 with a maximum peak at pH 7. 
The enzyme is active at a temperature ranging from 2 to 45 °C with a maximum activity 
at 40°C. From 2 to 40°C the activity increases slightly (only 4 times) as indicated by the 
low activation energy (27 kJ.mol" 1 . 0 ^ 1 ). 

From the practical standpoint, the EH from Aspergillus niger is very interesting 
for organic synthesis on account of its ability to hydro lyse racemic epoxides in a highly 
enantioselective manner. The enantioselectivity is due to a higher affinity and a higher 
catalytic constant for the (R) enantiomer of pNSO relative to the (S) enantiomer. 
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The ratio of the specific constant (kcat/Km) shows that the initial rate of hydrolysis 
of the (R) enantiomer is 55 times faster than that of the (S) enantiomer starting from 
racemic pNSO. This result is similar to that obtained with whole cells on the same 
substrate (Pedragosa-Moreau, 1997). Moreover, the regioselectivity of the reaction is 
very high: 97% for the 2 carbon, as shown with the whole fungus (Pedragosa-Moreau, 
1996). The enantioselectivity and the regioselectivity of hydrolysis of pNSO by the 
purified EH of Aspergillus niger are very similar to those determined with all of the 
cells. Accordingly, the purified enzyme is responsible for the entire activity of the 
fungus on pNSO. 

B) Cloning and characterization of the soluble epoxide hydrolase from 
Aspergillus niger which is related to mammalian microsomal epoxide hydrolases 

I) Experimental procedure 

1) Isolation of nucleic acids from Aspergillus niger (A. niger) 

Aspergillus niger (the aforementioned strain No. LCP 521) was cultivated in a 
medium containing 10 g of glucose and 20 g of maize liquor (Sigma, St. Louis, Cat. No. 
C4648) per litre of culture. Incubation was effected in a volume of 100 ml in a flask 
agitated at 28°C for 3 days after inoculation with spores of the fungus. The mycelium is 
harvested by filtration on cloth and stored at -70°C after determination of the wet 
weight. Extraction of RNA is carried out by the method of Chomczynski and Sacchi 
(1986) using 10 mL of denaturing solution per gram of mycelium. The typical yield is 
300 (ag of total RNA per gram of mycelium. For isolation of the RNA, 2 g of mycelium 
is homogenized with a Potter type of glass homogenizer in 15 mL of a lysis solution 
(solution of guanidine hydrochloride 6 M, containing 0.1 M of sodium acetate, pH 5.5). 
After centrifugation at 10,000 g for 10 min, the supernatant is transferred to another 
tube and 2.5 volumes of ethanol are added. The precipitated nucleic acids are collected 
by centrifugation at 10,000 g for 10 min and the resulting residue is dissolved overnight 
in 10 mL of lysis buffer after brief drying. The insoluble fraction is removed by 
centrifugation and the nucleic acids are precipitated again by adding 25 mL of ethanol. 
The centrifugation pellet is washed with 70% ethanol, dried in air for 30 min and 
dissolved in a TE buffer, pH 8.0. 
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2) Cloning of the gene of the EH of Aspergillus and of cDNA by the polymerase 
chain amplification technique (polymerase chain reaction, PCR) 

The reverse PCR for amplification of the gene of the Aspergillus EH was effected 
according to the following scheme: 500 ng of genomic DNA is digested with a suitable 
restriction enzyme (most of the successful results are obtained with BamHI or Cfol) and 
are recovered by precipitation with ethanol after extraction with phenol/chloroform 
mixture. Of this 500 ng, 100 ng is circularized by ligation with DNA ligase T4 (Life 
Technologies) in a volume of 20 [iL in the conditions specified by the supplier. One 
microlitre of the resulting preparation was amplified by PCR effected for 30 cycles (1 
min 94°C, 1 min 60°C, 3 min 72°C) with a DNA polymerase Taq (Perkin Elmer) in the 
standard reaction conditions recommended by the supplier. The primers used 

(MA226 5 ATGCGATCGGACTGCTGGAC A-3 ' and 

MA227 5 , -CGCGGGCAATCCACACCTAC-3') 

are deducted from the sequence of a genomic fragment obtained previously. An 
Xhol restriction site located between the two priming sites in the genomic sequence is 
used optionally for relinearizing the circular DNA before the reverse PCR, in order to 
suppress the torsional stress and so improve the efficiency of initial amplification of the 
genomic support. The PCR products are separated by electrophoresis on agarose gel and 
the specific amplicons of the EH of Aspergillus are identified by immunotransfer 
according to the Southern technique using the aforementioned genomic fragment as a 
probe. The fragments of Aspergillus EH gene identified in this way are purified by 
electrophoresis on agarose gel using the Quiaex kit (Qiagen), and cloned in the pGEM- 
T vector (Promega) for sequence analyses by the chain termination method. 
On the basis of the information obtained from the sequence, 2 primers 
(MA290 5 '-cggaattcc ATGgTC ACTGGAGGAGC AATAATT AG-3 1 and 
MA291 5 f -ttgaatTCCCTACTTCTGCCACAC-3'; the residues in capital letters are 
complementary to the support sequence) surrounding the region encoding the protein of 
the EH gene are deducted and used for amplifying the respective fragments of the 
genomic DNA and for reverse-transcribing the mRNA with high fidelity DNA 
polymerase Pfu ("Stratagene") for 40 cycles (1 min 94°C, 1 min 50°C, 6 min 72°C). 
The resulting DNA fragments are digested with EcoRI and inserted in pUC19 (New 
England Biolabs) for final sequence analysis. 
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3) Expression, purification and analysis of recombinant epoxide hydrolase 

For recombinant expression in E. coli, the cDNA fragment of the epoxide 

hydrolase of Aspergillus is amplified with a DNA polymerase Pfii using the primer 

MA291 (see above) and the primer MA318 

(S'gctgaattcacATGTCCGCTCCGTTCGCCAAG-S') 

in order to introduce an AflHI Ncol-compatible recognition site (underlined in 
primer MA318) in the probable initiation codon of the epoxide hydrolase gene of 
Aspergillus which was revealed by sequence analysis. 

The pGEF+ bacterial expression vector is modified by introducing a multiple 
cutting site 

(5 '-CC ATGGGAATTCTCGAGATCTAAGCTTATGC ATC AGCTGC ATGG-3 ') 

in the Ncol site that contains the starting codon of the pGEF+ vector in the context 
adapted to a ribosome binding site, upstream of the promoter of the RNA polymerase 
T7. The resulting plasmid is called pGEF II hereinafter. The PCR fragment AfIII/Eco 
RI of the EH of Aspergillus is ligated in the Ncol/Eco RI site of pGEF II to produce the 
pGEF Asp EH" expression construction. The E. coli strain BL21 (DE 3) (Novagen) is 
transformed with pGEF Asp EH and put in the LB medium at 30°C. In late exponential 
phase, induction of expression of the recombinant protein is effected by adding 
isopropyl-P-thiogalactoside (100 \xM). After two hours, the bacteria are collected by 
centrifugation, resuspended in 0.02 volumes of culture of the STE buffer (Tris-HCl, 10 
mM, sodium chloride 100 mM, ethylenediamine tetraacetic acid 1 mM, pH 7.4) and 
stored at -70°C. Enzymatic activity is determined by converting the R enantiomer of 
para-nitrostyrene oxide to the corresponding diol. The reaction is carried out at a 
substrate concentration of 880 uM in 500 uJL STE at 37°C for, 30 min, in the presence of 
10 (0.L of acetonitrile which is used as solvent of para-nitrostyrene oxide. 

The conversion reaction is terminated by extraction of the substrate with an equal 
volume of chloroform. In these conditions, more than 99.9% of the substrate is 
extracted in the organic phase and 60% of the diol is recovered in the aqueous phase. 

The conversion substrate is quantified by adding 400 jaL of supernatant to 800 uL 
of water and reading the optical density at 277 nM, with the molar extinction coefficient 

3 -1 -1 

of the product being 9.1 x 10 M cm . The epoxide hydrolase of Aspergillus is 
purified to homogeneity by a three-stage procedure, according to the method described 
above. 
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Antibodies directed against the purified protein were obtained by immunizing 
rabbits according to the technique described by Friedberg et al., 1991. The purified 
protein is analysed by SDS polyacrylamide gel electrophoresis followed by labelling 
with Coomassie Blue or by immunotransfer in accordance with the procedures 
published previously. 

4) Construction and analysis of epoxide hydrolase mutants 

PCR-controlled, directed mutagenesis of the cDNA of epoxide hydrolase of 
Aspergillus is carried out by the method of Tomic et al., 1990, as described previously 
for soluble mammalian epoxide hydrolases and microsomal epoxide hydrolases (Arand 
et al., 1996; Arand et al., 1999). 

Primers were used for introducing various mutations. The mutations affecting the 

1 92 

catalytic nucleophile Asp were introduced by replacing the Ncol internal cassette of 
the cDNA of the epoxide hydrolase of Aspergillus with the PCR-modified fragment. 

In addition, mutations targeting the residues of the charge relay system, namely 

.348 374 . 

Asp and His , are introduced by replacing an Xhol fragment with the respective 
PCR fragment. The PGR modifications are generated using DNA polymerase Pfu so as 
to minimize the introduction of unwanted sequence modifications. All the PCR- 
generated fragments are finally sequenced to ensure they are correct. After recombinant 
expression, the solubility of the mutant proteins is tested, which represents an indicator 
of their structural integrity. After sonication of the bacterial sediments, the resulting 
suspension is centrifuged at 10,000 g, the pellet and the supernatant are tested for 
presence of the epoxide hydrolase of Aspergillus by immunotransfer. The enzymatic 
activity is tested in the supernatant as described previously. 

II) Results 

Isolation of the gene of epoxide hydrolase (EH) of Aspergillus and the cDNA by 
reverse PCR, were obtained. It was difficult to obtain specific amplified fragments 
using restriction enzymes with the hexameric recognition sites for digestion of the 
genomic DNA. 

This seems to be due to two pairing errors in the MA226 primer, in comparison 
with the sequence of natural origin, which weakens the amplification of the long 
products, but poses no problem when using restriction enzymes with tetrameric 
recognition sequences. However, the first fragment obtained after restriction by BamHI 



20 

of the DNA seems to be artificially truncated, which is a consequence of the internal 
priming of the initial amplicon. In consequence, the 3' region of the EH of Aspergillus 
downstream from the genomic sequence is lacking in this fragment and must be 
obtained separately in a second reverse PCR experiment. 

The epoxide hydrolase of Aspergillus is evidently related to the mEHs of 
mammals, although this enzyme is unique in several respects. 

First, it is a soluble enzyme that does not have an anchoring sequence in the 
membrane, in contrast to the microsomal epoxide hydrolases of mammals (mEHs), and 
their corresponding enzymes in the arthropods. 

Second, the EH of Aspergillus has a much higher conversion power with para- 
nitrostyrene oxide, than that of mammalian epoxide hydrolases with their substrates. 

Whereas the rat microsomal epoxide hydrolase (mEH) has a specific activity with 
its model substrates styrene oxide and benzo[a]pyrene oxide of about 500 nmol 
converted per minute and milligram of pure enzyme, the epoxide hydrolase of 
Aspergillus hydrolyses 100 pmol of 4-nitro-styrene oxide per minute and milligram of 
enzyme. The conversion number of rat mEH was increased by a factor of 30 by 
replacing the acid residue of the charge relay system of its catalytic site, i.e. Glu 404 , with 
aspartic acid. Interestingly, the corresponding residue in the native Aspergillus epoxide 
hydrolase is already an aspartic acid, in contrast to the fact that glutamic acid occupies 
this position in all the other mEH enzymes. Substitution of catalytic Asp 348 in the 
epoxide hydrolase of Aspergillus by Glu leads to a moderate decrease of Vmax by a 
factor of just 2. At the same time, the Km fell by a factor of 3. A possible explanation of 
this observation might be a reversal in the stage limiting the degree of conversion of the 
enzymatic reaction. In the mEH and sEH of mammals the secpnd hydrolytic stage of the 
enzymatic reaction seems to be a stage limiting the degree of conversion. In such 
conditions, i.e. when the rate constant of formation of the intermediate ester ki is much 
greater than the constant k2 for the hydrolytic stage, the decrease in Vmax due to a 
reduced k2 occurs in parallel with a similar decrease of Km, because Km = KDk2/(ki+k2). 
However, if, initially ki limits the degree, and k2 is much greater, the expression 
k2/(ki+k2) will be approximately equal to 1 and Km is equal to Kd. A halving of Vmax 
due to modulation of the charge relay system, i.e. of the important part of the catalytic 
site for the second stage of the enzymatic reaction, is probably due to a large decrease in 
k2 of up to half the value of ki. Consequently, k2/(ki+k2) would now be close to 1/3, i.e. 

348 

exactly the value observed for the Asp Glu mutant of the epoxide hydrolase (EH) of 
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Aspergillus. Thus, these results are compatible with the fact that in the case of EH of 
Aspergillus with ^ara-nitrostyrene oxide as substrate, k2 is greater than ki, a situation 
that no longer exists in substitution of Asp 348 by Glu. This would correspond exactly to 
the scenario observed with the mEHs of mammals. 

The structure of the gene of the epoxide hydrolase of Aspergillus is very complex, 
compared with the simplicity of the original organism. Whereas the average size of the 
introns identified is approx. 60 pb, and therefore in agreement with that of many other 
genes of Aspergillus, in contrast the number of introns in the Aspergillus gene, 8 in all, 
is abnormally high. 

None of the exons/introns is conserved between fungi and mammals, despite the 
identical number of introns in the 2 organisms. The fungus and mammal genes both 
have a first non-coding exon. In the rat, the existence of at least 3 alternatives for the 
first exon has been noted. Here, the first non-coding exon permits the alternative use of 
different promoters for the synthesis of identical proteins. 

C) Examples of application 

Example 1 

15 g of l,l-diethoxybut-3-ene oxide (94 mmol or a concentration of 0.3 mol per 
litre of reaction medium) is added to 300 ml of phosphate buffer (pH 8, 0.1 M). The 
temperature is adjusted to 4°C and 1.2 g of purified (native) enzyme is added. After 
stirring for 30 hours at 4°C, the residual epoxide is extracted with pentane. Evaporation 
of the solvent followed by distillation makes it possible to isolate 4.5 g of (S)-epoxide 
(yield = 30%, ee = 98%). Continuous extraction of the aqueous phase with 
dichloromethane makes it possible to isolate, after purification on a silica column, 9 g of 
(R)-diol (yield = 54%, ee - 47%). 
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Example 2 

6 g of para-bromo-a-methylstyrene oxide (28 mmol or a concentration of 0.35 
mol per litre of reaction medium) is added to 75 ml of phosphate buffer (pH 8, 0.1 M). 
The temperature is adjusted to 4°C and 0.35 g of purified (native) enzyme is added. 
After stirring for 8 days at 0°C the residual epoxide is extracted with pentane. 
Evaporation of the solvent followed by distillation makes it possible to isolate 2.3 g of 
(S)-epoxide (yield = 39%, ee - 99.7%). Continuous extraction of the aqueous phase 
with dichloromethane makes it possible to isolate, after purification on a silica column, 
3.19 g of (R)-diol (yield = 49%, ee = 96%). 




Example 3 

4 g of /?tfra-chlorostyrene oxide (26 mmol or a concentration of 2 mol per litre of 
reaction medium) is added to 9 ml of phosphate buffer (pH 7, 0.1 M). The temperature 
is adjusted to 0°C and 2.3 g of purified (native) enzyme is added. After stirring for 8 
hours at 0°C the residual epoxide is extracted with pentane. Evaporation of the solvent 
followed by distillation makes it possible to isolate 1.9 g of (S)-epoxide (yield = 47%, 
ee = 99%). Extraction of the aqueous phase with ethyl acetate makes it possible to 
isolate, after purification on a silica column, 2.15 g of (R)-diol (yield - 48%, ee = 92%). 
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Example 4 

4 g of para-nitrostyrene oxide (24 mmol or a concentration of 0.3 mol per litre of 
reaction medium) dissolved in 15 ml of DMSO is added to 60 ml of phosphate buffer 
(pH 7, 0.1 M). The temperature is adjusted to 27°C and 0.7 g of purified (native) 
enzyme is added. After stirring for 32 hours the reaction medium is saturated with NaCl 
then extracted continuously with dichloromethane. Evaporation of the solvent followed 
by chromatography on silica makes it possible to isolate 1.8 g of (S)-epoxide (yield = 
45%, ee = 96%) and 2.3 g of (R)-diol (yield = 52%, ee = 86%). 




(±) OS) (R) 



Example 5 

1.5 g of ^ara-isobutyl-a-methylstyrene oxide (7.9 mmol or a concentration of 
15 0.25 mol per litre of reaction medium) is added to 30 ml of Tris buffer (pH 8, 0.4 M). 

The temperature is adjusted to 4°C and 2.6 g of purified (native) enzyme is added. After 
stirring for 24 days at 4°C the residual epoxide is extracted with pentane. Evaporation of 
the solvent makes it possible to obtain the unpurified (S)-epoxide (ee = 96%). 
Extraction of the aqueous phase with ether makes it possible to isolate, after purification 
20 on a silica column, 0.91 g of (R)-diol (yield = 55%, ee = 70%). 
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Example 6 

1 g of phenyl glycidyl ether (6.7 mmol or a concentration of 3.3 mol per litre of 
reaction medium) is added to 1 ml of phosphate buffer (pH 7, 0.1 M). The temperature 
is adjusted to 27°C and 25 mg of purified recombinant enzyme is added. After stirring 
for 15 hours at 27°C all of the epoxide is converted to the corresponding racemic diol. 
Extraction with ethyl acetate makes it possible to isolate this diol at a quantitative yield. 
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